Androgen-dependent sexual difknces in the granular wnvoluted tubules of mouse and rat submandibular glands (SMG) have been extensively reported. We studied two major androgen-dependent "As of the rat SMG encoding proteins named SMRl and SMR2. To determine which cell type in the SMG is responsible for synthesis of these "As, we performed in situ hybridization with digoxigenin-labeled RNA probes coupled with alkaline phosphatase detection.
Introduction
Rodent submandibular gland (SMG) is a target organ for androgens. We are interested in the androgen-regulated genes expressed in this gland and in the biological significance of such regulation. A number of such genes have been described in mouse SMG, including those coding for renin, nerve growth factor (NGF), epidermal growth factor (EGF), and kallikreins (for review see 1). The products of these genes are peptides that have known biological activities. Curiously, most of these products are not synthesized, or are synthesized in low amounts, in rat SMG. For example, renin, which represents 2 % of the SMG proteins in males of most strains of mice, is not found in the SMG of rats (2). By in vitro translation of rat SMG "As and electrophoretic analysis of the products, we have shown that at least two mRNAs are present at a higher level in male than in female rat SMG (3). We cloned and sequenced the corresponding cDNAs (3, 4) and the proteins encoded by these mRNAs were named SMRl and SMR2. On the basis of analysis of the SMRl mRNA sequence, we predicted that SMRl would be a short (the open reading frame is 146 codons long), secreted, and glycosylated protein. In addition, the presence of potential maturation signals in a hydrophilic domain of the protein led us to hypothesize that SMRl could be the precursor of a small peptide resembling thyrotropin-releasing hormone (TRH). Interestingly, SMRl mRNA is found at a 1000-3000-fo~d higher level in male than in female rat SMG.
Moreover, the level of mRNA is reduced in males after castration and is increased in females after androgen treatment. In contrast to the SMRl gene, whose sequence has no homology with previously described genes, the SMR2 gene belongs to the family of glutamine/glutamic acid-rich proteins (GRP). GRPs are abundant proteins of rat SMG, characterized by repeated peptide motifs rich in glutamine and glutamic acid residues (5-7). SMR2 differs from the two other described members of the family in two major characteristics: it has only one of the glutamine/glutamic acidrich motifs, and its mRNA is found at a higher level (20-30-fold) in male than in female rat SMG.
The SMG is structurally composed of stromal cells and of different types of epithelial cells (for review see 8), which can be divided into acinar and ductal cells, ductal cells including cells of intercalated ducts, granulated convoluted tubules (GCT), and striated ducts. In rats and mice, three cell type (i.e., acini, GCT, and striated duct cells) mainly contribute to the secretion of proteinaceous components into the saliva. For example, mucins (9,lO) and GRP (7, 9) are produced in acinar cells. The GCT cells are responsible for the synthesis of a number of proteins with various biological activities, including the products of all the characterized androgenregulated genes in mice and rats (for review see 11).
Our aim in this study was to determine in which of these cell types the SMRl and SMR2 " As are synthesized. We performed in situ hybridization on sections of SMGs of male and female adult rats. We compared these results with the results of in situ hybridization experiments performed with a probe detecting the GRP "As, which are similarly expressed in male and female rat glands.
Materials and Methods
Tissue Preparation. Ten-week-old male and female Wistar rats (Iffa Credo; Lyon, France) were sacrificed by CO2 suffocation; submandibular and sublingual glands were rapidly removed, rinsed in PBS (0.008 M Na2HP04, 0.002 M KH2P04, 0.14 M NaCI, 0.0035 M KCI, pH 7.4), cut in two or three pieces, and immersed overnight in 4% paraformaldehyde (Merck; Darmstadt, Germany) in PBS at 4'C with constant shaking. In a control experiment, rats were anesthesized by IP injection of Imalgene 500 (Ketamine 150 mg/kg) (Rhbne-Merieux, France) and perfused via jugular veins with 0.85% NaCl and then with 4% paraformaldehyde in PBS. Salivary glands were then removed and immersed overnight in 4% paraformaldehyde in PBS at 4'C as before. In all cases tissue sections were rinsed in PBS, then in saline solution at 4°C. dehydrated in graded ethanol, and embedded in p a r a i n (Paraplast + ), (Sherwood Medical; Athy, Ireland).
Seven-pm thick sections were obtained with a microtome and mounted on gelatin-coated slides.
After deparaffinization, slides were post-fmed in fresh 4% paraformaldehyde in PBS for 20 min at room temperature (RT), rinsed with PBS, treated with proteinase K 20 pg/ml for 7.5 min, and fixed again for 5 min. At this point they were acetylated with 0.25% acetic anhydride in 0.1 M ethanolamine for 10 min and dehydrated through a graded series of ethanol.
Plasmids. The SMRl cDNA obtained by polymerase chain reaction and cloned in pSP64 vector (Promega France; Charbonni5res. France) as previously described (12), was recloned between the EcoRI and PstI sites of the pSP65 vector, using the internal PstI site brought in by the 3' PCR primer. The plasmid is named SMRlpSP622. pcS1-1 ( Figure 1 ) was obtained by subcloning the EcoRI-Hind111 fragment of SMRlpSP622 between the EcoRI and Hind111 sites of pcDNAII (In Vitrogen Corporation; Oxon, UK). The insert therefore corresponds to the nearly complete SMRl cDNA, except for the first 21 5' bases of the RNA and the last 43 3' bases plus the poly-A tail. pcS2-1 ( Figure 1 ) was obtained by subcloning the BglII-RsaI fragment ofthe SMR2 cDNA (4) between the BamHI and the EcoRV sites 0fpcDNAII vector. This fragment corresponds to the most variable part of the SMR2 mRNA compared with described GRP mRNAs (sequence encoding part of the transition region, the "repeat" region, and the carboxy terminal part of the protein).
pUC42 is a GRP cDNA cloned in the laboratory during the screening of ow SMG cDNA library (unpublished data) and corresponds to the pCRP3 cDNA described by Heinrich and Habener (7) . pcG-1 ( Figure 1 ) was obtained by subcloning the Sau3A-EcoRI fragment of pUC42 between the BamHI and the EcoRI sites of pcDNAII. This fragment corresponds to the sequence encoding the transition region, the repeats region, and most of the carboxy terminal part of the protein.
In Situ Hybridization. Digoxigenin-labeled RNA probes were synthesized with a digoxigenin-labeling kit (Boehringer Mannheim France; Mey-Ian, France) according to the manufacturer's instructions and were submitted to mild hydrolysis by heating at 60'C for 5-15 min in 100 mM Na2CO3 before neutralization and ethanol precipitation. In situ hybridization ex- periments were performed overnight at 48°C with ~20-200 ng of probe in 25 pl of hybridization buffer (50% formamide, 0.3 M NaCI, 20 mM Tris-HC1, pH 7.4, 5 mM EDTA, 10 mM NaHzPO4, 10% dextran sulfate, 1 x Denhardt's, 0.5 mg/ml yeast RNA) for each slide. After hybridization the slides were washed in 5 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M Na-citrate), 10 mM dithiothreitol (MT) at 42% for 30 min and in 2 x SCC, 50% formamide, 80 mM MT at 60'C for 20 min. Then they were treated with 20 bg/ml RNAse A in RNAse buffer (0.4 M NaCI, 5 mM EIYIX, 10 mM Tris-HCI, pH 7.4) for 30 min at 37'C and washed in (a) RNAse buffer. (b) 2 x SSC, and (c) 0.1 x SSC, each time for 15 min at 37'C.
All subsequent treatments were at RT. Slides were dipped first for 45 min into 0.5% blocking reagent (Boehringer Mannheim France), in Buffer 1 (150 mM NaCI, 100 mM Tris-HC1, pH 7.5), and then for 45 min in 1% bovine serum albumin (fraction V), (Sigma; St Louis, MO), 0.3% Triton X-100 in the same buffer. After a 2-hr incubation with anti-digoxigenin F(ab) fragments labeled with alkaline phosphatase (Boehringer Mannheim France) diluted 1:2500 in Buffer 1, the slides were rinsed five times for 10 min each in Buffer 1 and once for 5 min in Buffer 2 (100 mM NaCI, 50 mM MgC12, 100 mM Tris, pH 9.5). Alkaline phosphatase activity was detected by reaction with nitroblue tetrazolium chloride 0.33 mg/ml (Sigma), plus 5-bromo-4-chloro-3-indolylphosphate 0.16 mg/ml (Sigma) in Buffer 2 for 1.5 hr in the dark. The reaction was stopped by dipping the slides in water. Slides were counterstained with Harris' hematoxylin (Rhone-Poulenc; Vilers St Paul, France) and mounted in Eukitt (Kindler; Freiburg, Germany).
Results

Expression of the SMRl Gene in Rat SMG
Hybridization of 10-week-old male rat SMG sections with digoxigenin-labeled anti-sense SMRl RNA resulted in a strong signal localized in acinar cells (Figure 2c ). This signal was RNA specific, as it was completely abolished by pre-treatment of the section with RNAse A (Figure 2a ). In addition, no signal was obtained with sense RNA probes, demonstrating that this signal was specific for SMRl mRNA (Figure 2b) . Endogenous alkaline phosphatase, which can be detected on myoepithelial cells directly after deparaffinization (not shown), was not seen under our conditions of in situ hybridization.
All acini were positive for SMRl expression and no specific signal was detected in intercalated, GCT, and striated ducts. In acinar cells the signal was strongest around the nucleus and near the sections of (a-c,e,g) male and (d,t,h) basal membrane and was more diffuse, forming a fine network, in the apical cytoplasm.
In contrast, in sections of SMGs of female rats, no signal could be detected except for very few acinarcells (Figures 2d and 3) . This result was independent of the procedure for tissue fixation (direct immersion in the fixative or perfusion of the whole rat by fixative).
No signal was detected in the adjacent sublingual gland in male and in female sections (not shown).
Expression of GRP and SMR2 Genes in Rut SMG
As another positive control for tissue preparation, we studied GRP expression, for which no sexual difference has been described. As shown in Figures 2e and 2f . GRPs are strongly expressed in the acini. As expected, no sex-linked difference was detected in GRP expression.
SMR2 and GRP mRNAs sequences are highly homologous, especially in the 5' and 3' untranslated sequences and the signal peptide coding sequence. To minimize cross-hybridization between SMRZ and known GRP mRNAs. we used a probe corresponding to the "repeat sequence" and the carboy terminal part of the protein, which are more divergent between both RNAs. This probe was almost specific, since it hybridized only faintly with mRNA of the same sue as GRP mRNAs in RNA blot experiments (not shown). In in situ experiments, SMRZ mRNA was detected in all acinar cells in the SMG of male rats (Figure 2g ). No signal was detected in duct cells. In female rat SMG, under the same conditions of hybridization and detection, only a few acinar cells (although in a higher number than for SMRl mRNA) were faintly positive (Figure 2h ).
As for SMRl probes, the signal obtained with GRP and SMR2 probes was more intense near the basal membrane and around the nucleus.
No signal was detected in the adjacent sublingual glands for GRP or SMR2 (not shown).
Discussion
Our aim was to identify by in situ hybridization which cell type(s) in the rat SMG expresses transcripts encoding the androgendependent proteins SMRl and SMRZ. We chose to use nonradioactive probes coupled with an enzymatic detection system, which give more localized signals than autoradiographic detection. This technique is particularly convenient for SMRl and SMR2 mRNAs, since both are highly abundant in male rat SMG and consequently do not require very sensitive detection. Although only semiquantitative. this technique can be used to reveal differences in the mRNA levels between two tissues (i.e., male and female SMG), provided that the same conditions of hybridization and detection are applied.
We show that both SMRl and SMRZ mRNAs are present in the acini but are not detected in the tubule portions of the gland. Their localization resembles that of GRP mRNAs, which were used in control experiments. Our results on the GRP mRNA localization in acini are in agreement with those of Heinrich and Habener (7) and concur with immunocytological detection of GRP in this cell type (9). It is interesting that cell specificity of expression has been conserved among the different members of the GRP family, including SMR2, whereas androgen regulation seems to be a characteristic of the SMRZ gene only. As only a few proteins have been described in the acini of adult rat SMG, SMRl and SMR2 could be, at least in male rats, useful markers for this cell type.
The level of accumulation of the SMRl and SMR2 mRNAs in rat SMG was shown to be dependent on testosterone (3). In accordance with this, our in situ hybridization results reveal a clear sexual difference in the acini of rat SMG whereas the acini are strongly positive in males, SMRl and SMRZ mRNAs are barely detectable in the SMG of females. The difference in SMRl and SMR2 mRNA accumulation in acini seems unlikely to be due to mRNA degradation in female samples for three reasons: (a) it is not dependent on the fixation process (immersion or perfusion); (b) no sex-linked difference is seen with the GRP probe; and (c) the results correlate with RNA blot analysis, which showed a clear difference of SMRl and SMRZ mRNA accumulation between the male and female rat SMG.
This expression of two androgen-dependent genes in acini is surprising. To date, sexual difference in the granular convoluted tubular (GCT) cells of mice and rats SMG ducts has been extensively reported, based on histochemical (for review see 12) and biochemical (13) (14) (15) (16) (17) (18) data, and was commonly attributed to the androgen responsiveness of the GCT portion of the gland. In contrast, to date, no androgen-dependent difference has been described in the acini of mouse and rat SMG. SMRl and SMRZ genes are the first examples of androgen-dependent genes expressed in the SMG acini.
We do not know whether androgens act directly via binding of the androgen receptor on target sequences of the SMRl and SMR2 genes. However, at least for the SMRl gene, sequence analysis revealed the presence in the second intron of a sequence resembling the consensus sequence for binding of androgen, glucocorticoid, and progesterone receptors (19). This observation led us to the hypothesis that at least some of the testosterone effects may be mediated via the androgen receptor. This hypothesis is compatible with the expression of the SMRl gene in acini, since evidence for the presence of androgen receptor in mouse and rat SMG acini and in GCT cells has been reported (20.21). Therefore, SMRl and SMR2 genes represent the first candidates for a role of this receptor in rat SMG acini.
Although SMRl mRNA is 1000-3000-fold less abundant in female than in male SMG, some rare positive cells are detected. These positive cells are not seen in our control experiments and therefore are not artifacts. This result may have two possible explanations: only a few cells may contribute to SMRl expression, or all cells may express the SMRl gene but at very different levels, some cells being above and others below the detection limit. The hypothesis of highly heterogeneous levels of expression is the most probable, since it is also found for the SMR2 gene in females. This heterogeneity in expression levels may reflect the existence of different acinar cell types or, more probably, different levels of regulatory factors among the acinar cells.
Inside the acinar cell, SMR1, SMR2, and GRP mRNAs seem to be nonuniformly distributed, the signal being higher around the nucleus and near the basal membrane. Interestingly, the rough endoplasmic reticulum (RER) is abundant in this area (22, 23) . Therefore, since SMRl and GRP, and probably also SMR2, are secreted proteins, one hypothesis is that our results could be due to the association of the corresponding mRNAs with the RER.
In conclusion, our data emphasize that the GCT cells are not the only target cells for androgens in the SMG, and consequently that androgen dependence cannot be used as the only criterion for the synthesis of a peptide in GCT cells.
